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Robust and scalable optical one-way quantum computation
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Advanced Science Institute, RIKEN, Wako-shi, Saitama, 351-0198, Japan and Physics Department,
The University of Michigan, Ann Arbor, Michigan 48109-1040, USA
We propose an efficient approach for deterministically generating scalable cluster states with
photons. This approach involves unitary transformations performed on atoms coupled to optical
cavities. Its operation cost scales linearly with the number of qubits in the cluster state, and photon
qubits are encoded such that single-qubit operations can be easily implemented by using linear optics.
Robust optical one-way quantum computation can be performed since cluster states can be stored
in atoms and then transferred to photons that can be easily operated and measured. Therefore, this
proposal could help in performing robust large-scale optical one-way quantum computation.
PACS numbers: 42.50.Ex, 03.67.Lx
I. INTRODUCTION
In principle, linear optical elements (e.g., beam split-
ters, phase shifters, etc.), combined with single-photon
sources and detectors can be used for efficient quan-
tum information processing [1]. Experimental progress
in optical systems has demonstrated control of pho-
tonic qubits, quantum gates, and small quantum algo-
rithms (e.g.,[2–5]). Optical quantum computation (QC)
has been suggested [6, 7] using cluster states [8–14]. One-
way optical QC using a four-photon cluster state has been
demonstrated experimentally [4, 5, 15]. In spite of this
progress, scalable optical one-way QC still remains elu-
sive because of the difficulty in generating cluster states
with a large number of qubits.
Photon cluster states are excellent candidates for one-
way QC because of the fast and easy implementation of
single-qubit operations on photons, and also because pho-
tonic qubits have negligible decoherence. However, it is
difficult to generate cluster states with photons because
of the absence of significant interactions between pho-
tons. In general, there are two types of method for gen-
erating cluster states with photons: (1) by introducing an
effective interaction between photons through measure-
ments [6, 7]; (2) by using a nonlinear optical process,
parametric down-conversion [4, 5, 16–18]. Generation
of cluster states through measurements [1] is probabilis-
tic. Because of its intrinsically probabilistic nature, the
method based on down-conversion is exponentially inef-
ficient for generating large cluster states [4], therefore it
can only prepare cluster states of a few qubits. In short,
both of these methods are not efficient in generating clus-
ter states with a large number of photon qubits.
In this paper, we propose an approach that is differ-
ent from the previously proposed methods for generating
cluster states with photons. This method is deterministic
and efficient in generating scalable photon cluster states.
The cost of the approach scales linearly with the num-
ber of qubits in a cluster state. The standard encoding
of photon qubits allows easy-to-implement single-qubit
operations using passive linear optics.
Our approach for generating cluster states with pho-
tons is as follows: first, generate a cluster state in atoms
trapped in the periodic potential of an optical lattice,
then transfer the cluster state from the atomic system
to photons through the coupling between the atoms and
optical cavities. Note that atomic cluster states can be
easily obtained in experiments [19, 20] on optical lattices
through next-neighbor interactions, it can be achieved in
a single operational step and is independent of the size
of the systems [19].
For robust and scalable one-way QC, large cluster
states need to be generated and stored for performing
single-qubit operations and readout. Cluster states can
be easily generated and stored with atoms, but it is dif-
ficult to perform measurements on atoms. In contrast,
it is easy to perform measurements on photons, but it
is difficult to store quantum states using photons. Thus,
this hybrid proposal uses the best from atomic and pho-
tonic qubits, to provide robust one-way QC. Namely, to
generate and store cluster states in an atomic system,
then transfer to photons the states that are subjected to
measurements, and then perform single-qubit operations
and measurements on photonic qubits.
In this work we focus on transferring to a photonic
system a cluster state originally generated in an atomic
system. As discussed above, this is a crucial step in our
proposal. The method presented below employs five-level
atoms coupled to optical cavities. This method has the
following advantages: (1) Neither the cavity-mode fre-
quencies nor the atomic level spacings need to be ad-
justed during the operation process; (2) No measure-
ment is required. Our approach for generating photon
cluster states is based on unitary transformations, i.e.,
a deterministic method; (3) There is no time limitation
for moving atoms in or out of the cavities, therefore it
should be relatively easy to manipulate the system in ex-
periments; (4) We choose the traditional encoding of a
photonic qubit in each cavity, by using a photon in ei-
ther a left-circularly polarized mode or a right-circularly
polarized mode of the cavity. With this encoding, single-
qubit operations are easy to implement by using polariza-
tion rotators [1]. Even though we consider here natural
2atoms, in the future, this proposal could be extended to
artificial atoms [21–24].
The structure of this work is as follows: In Secs. II
and III, we explain how to generate cluster states on
photonic systems using five-, four- and three-level atoms
interacting with cavities, respectively. We close with a
conclusion.
II. TRANSFERRING A CLUSTER STATE
FROM ATOMS IN AN OPTICAL LATTICE TO
POLARIZED PHOTONS: FIVE-LEVEL ATOMIC
SYSTEM
Consider a system composed of n atoms and n cavities.
Each atom has a five-level structure as depicted in Fig. 1,
and is placed in a two-mode cavity. The two modes in
each cavity are left-circularly polarized (σ−L ) and right-
circularly polarized (σ+R), respectively. For each atom,
the two lowest energy levels |g〉 and |g′〉 represent the
two logic states of a qubit; while for each cavity, the two
logic states of a qubit are represented by the occupation
of a photon (sub-index p) in the left- and right-circularly
polarized modes of a cavity as:
|0〉p = |0〉L|1〉R, |1〉p = |1〉L|0〉R, (1)
where |k〉L|m〉R represents the state of the cavity with
k or m photons in the left- or right-circularly polarized
modes.
Let us assume that an n-qubit cluster state |ΨC〉 was
prepared in the n-atom system, and each two-mode cav-
ity is in the vacuum state |∅〉p = |0〉L|0〉R. Thus, the
initial state of the whole system is |ΨC〉a ⊗ |∅〉
⊗n
p , where
the subscripts a and p represent the atomic and the pho-
tonic systems, respectively. The task is to perform the
state transfer
|ΨC〉a|∅〉
⊗n
p −→ |g〉
⊗n
a |ΨC〉p, (2)
i.e., transfer the cluster state from the atomic system
to the photons inside the optical cavities, then photons
leaking out of the cavities would be in the same cluster
state as originally prepared in the atomic system.
Alternatively, we can also transfer an atomic single-
qubit state of the cluster state to a photonic qubit (see
discussion section below). This state transfer can
be achieved through the following transformation (per-
formed on each two-mode cavity with an atom inside)
|g〉|0〉L|0〉R −→ |g〉|0〉L|1〉R,
|g′〉|0〉L|0〉R −→ |g〉|1〉L|0〉R. (3)
Below, we will show the procedure to implement this
transformation.
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FIG. 1: Energy diagram of an atom with five levels. The
transitions |g′〉 ↔ |e〉 and |r〉 ↔ |f〉 are resonantly coupled to
the left (σ−
L
) and right (σ+
R
) circularly polarized mode of the
cavity with coupling strengths hL and hR. The transitions
|g′〉 ↔ |f〉, |g〉 ↔ |e〉, |g′〉 ↔ |r〉, and |g〉 ↔ |g′〉 are driven by
laser fields with Rabi frequencies Ω1,Ω2,Ω3, and Ω4, respec-
tively.
A. Transformation of a state from atoms to
polarized photons
To achieve this transformation, two interactions be-
tween the atom with the two cavity modes are needed.
One is the resonant interaction between the |r〉 ↔ |f〉
transition and the σ−L mode. The other one is the reso-
nant interaction between the |g′〉 ↔ |e〉 transition and the
σ+R mode. In the interaction picture, the Hamiltonians
for these are
HL = hL (aL|f〉〈r| +H.c.) , (4)
and
HR = hR (aR|e〉〈g
′|+H.c.) , (5)
where hL (hR) is the coupling strength of the atom with
the σ−L (σ
+
R) mode of the cavity; aL (aR) is the annihila-
tion operator of the σ−L (σ
+
R) mode of the cavity.
The transformation in Eq. (3) can be achieved in four
steps as follows:
Step (i): Apply a pulse to the atom for a time interval
τ1, which is resonant with the |g′〉 ↔ |f〉 transition; then
wait for a time interval τL. We denote Ω1 the Rabi fre-
quency of the pulse and φ1 the phase of the pulse. The
time evolution for this step is as follows:
(ia) During the time interval τ1, the pulse applied to
the atom leads to the transformation
|g′〉|0〉L|0〉R →
[
cos(
Ω1
2
τ1)|g
′〉 − ie−iφ1 sin(
Ω1
2
τ1)|f〉
]
⊗|0〉L|0〉R. (6)
For Ω1
2
τ1 = pi/2, φ1 = −pi/2, the state |g
′〉|0〉L|0〉R is
transformed into |f〉|0〉L|0〉R.
(ib) During the waiting time τL, the |r〉 ↔ |f〉 tran-
sition of the atom is resonant with the σ−L mode of the
cavity. The Hamiltonian describing this process is HL in
3Eq. (4). The operator UL = exp (−iHLτL) performs the
transformation
|f〉|0〉L|0〉R → cos(hLτL)|f〉|0〉L|0〉R
−i sin(hLτL)|r〉|1〉L|0〉R. (7)
For hLτL = pi/2, the state |f〉|0〉L|0〉R evolves to
−i|r〉|1〉L|0〉R.
Step (ii): Apply a pulse to the atom for a duration τ2.
The pulse applied to the atom is resonant with the |g′〉 ↔
|r〉 transition. This process leads to the transformation
− i|r〉|1〉L|0〉R → −i
[
cos(
Ω2
2
τ2)|r〉 − ie
iφ
2 sin(
Ω2
2
τ2)|g
′〉
]
⊗|1〉L|0〉R. (8)
With Ω2
2
τ2 = pi/2 and φ2 = pi, the state −i|r〉|1〉L|0〉R is
transformed to |g′〉|1〉L|0〉R.
Step (iii): Apply a pulse to the atom for a time interval
τ3, which is resonant with the |g〉 ↔ |e〉 transition; then
wait for a time interval τR. The time evolution for this
step is as follows:
(iiia) During the time interval τ3, the pulse applied to
the atom leads to the transformation
|g〉|0〉L|0〉R →
[
cos(
Ω3
2
τ3)|g〉 − ie
−iφ
3 sin(
Ω3
2
τ3)|e〉
]
⊗|0〉L|0〉R. (9)
For Ω3
2
τ3 = pi/2 and φ3 = pi, the state |g〉|0〉L|0〉R be-
comes i|e〉|0〉L|0〉R.
(iiib) During the waiting time τR, the |g′〉 ↔ |e〉 tran-
sition of the atom is resonant with the σ+R mode of the
cavity. The Hamiltonian for this process isHR in Eq. (5).
Then UR = exp (−iHRτR) transforms
i|e〉|0〉L|0〉R → i cos(hRτR)|e〉|0〉L|0〉R
+sin(hRτR)|g
′〉|0〉L|1〉R. (10)
With hRτR = pi/2, the state i|e〉|0〉L|0〉R becomes
|g′〉|0〉L|1〉R.
Step (iv): Apply a pulse to the atom for a time interval
τ4. The pulse is resonant with the |g′〉 ↔ |g〉 transition.
Thus we have the transformations
|g′〉|1〉L|0〉R →
[
cos(
Ω4
2
τ4)|g
′〉 − ieiφ4 sin(
Ω4
2
τ4)|g〉
]
⊗|1〉L|0〉R. (11)
and
|g′〉|0〉L|1〉R →
[
cos(
Ω4
2
τ4)|g
′〉 − ieiφ4 sin(
Ω4
2
τ4)|g〉
]
⊗|0〉L|1〉R. (12)
With Ω4
2
τ4 = pi/2 and φ4 = pi/2, the state |g
′〉|1〉L|0〉R
is transformed to |g〉|1〉L|0〉R, and the state |g′〉|0〉L|1〉R
becomes |g〉|0〉L|1〉R.
After this operation, the atom is decoupled from the
cavity, and is in a stable state. One can easily check that
the transformation in Eq. (3) is achieved in the four steps
above.
B. Fidelity of the transformation
Let us now study the fidelity of the state transfer op-
eration described above. We assume that the pulses ap-
plied to the atoms can be controlled within a very short
time (e.g., by increasing the pulse amplitude), such that
the dissipation of the system during the pulse is negligibly
small. In this case, the dissipation of the system would
appear in the time evolution operations in step (ib) and
step (iiib). Before any photon leaks out of each cavity,
the Hamiltonians HL and HR become
H ′L = hL (aL|f〉〈r|+H.c.)− iγf |f〉〈f | − iκLa
†
LaL, (13)
H ′R = hR (aR|e〉〈g
′|+H.c.)− iγe|e〉〈e| − iκRa
†
RaR, (14)
where γf (γe) is the decay rate of the atomic level |f〉
(|e〉), and κL (κR) is the decay rate of the σ
−
L (σ
+
R) mode
of the cavity. For simplicity, we assume hR = h, hL =
s · h, where s > 1, γe = γf = γ, and κL = κR = κ.
We now numerically calculate the evolution of the sys-
tem governed by the Hamiltonians above. The quality of
the state transfer process in Eq. (3) can be described by
the fidelity of the state transfer operation
F = Tr
[(
ρidp
)1/2
ρp
(
ρidp
)1/2]1/2
, (15)
where ρp represents the photon (p) temporal reduced
density matrix, after tracing over the states of the atom,
and ρidp represents the reduced density matrix in the
ideal (= id) case without considering the dissipation of
the system. From Eqs. (13, 14), one can see that the
atomic spontaneous decay plays the same role as the cav-
ity decay in the dissipation process. They both have
the same effect on the fidelity, and thus the fidelity of
the state transfer operation can be improved by choosing
atoms that have a long energy relaxation time or by im-
proving the coupling between the cavity and the atom.
Assume s = 1.2, then hL = 1.2hR = 1.2h, and the fi-
delity versus the spontaneous atomic decay rate γ/h for
different cavity decay rates κ is shown in Fig. 2. Cluster
states with a high fidelity can be obtained efficiently us-
ing existing multi-particle entanglement purification pro-
tocols [25].
C. Linear scaling
As shown above, four steps are needed to transfer the
state from an atomic qubit to a photonic qubit. There-
fore an n-qubit photon cluster state can be created in 4n
steps. In other words, the operation cost scales linearly
with the number of qubits in the cluster state. Hence,
this approach could provide an efficient generation of
scalable cluster states with photons.
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FIG. 2: (Color online) Fidelity (F ) of the transformation in
Eq. (3) implemented on a five-level atom coupled with a two-
mode cavity versus the spontaneous atomic decay rate γ/h.
The solid, dashed and dotted lines refer to the cavity decay
rates κ = 0.1h, 0.05h, 0.01h, respectively.
D. Atomic candidate
As a possible implementation, the 87Rb atom can be
used as the five-level atom. The atomic levels |g〉, |g′〉 and
|r〉 are |F = 1,m = −1〉, |F = 1,m = 0〉 and |F = 2,m =
0〉 of 52S1/2, respectively; |e〉 and |f〉, are |F = 1,m = 1〉
and |F = 2,m = −1〉 of 52P1/2, respectively.
To generate an n-qubit photon cluster state, we need
to send n atoms that encode the cluster state into n
two-mode cavities. Atomic cluster states can be easily
created on optical lattices [19], and it is also possible
to load atoms into cavities through transverse optical
lattice potentials [26–28]. The process of transferring
the atomic cluster states to the photonic qubits must
be completed in a very short time. To do this, one can
prepare an array of cavities and load the atoms into
the cavities through transverse optical lattice potentials.
After a certain time, the photons that leak out of the
cavities are in the same cluster state as the cluster state
originally prepared in the atomic system. This process
is illustrated in Fig. 3(a).
III. TRANSFERRING A CLUSTER STATE
FROM ATOMS IN AN OPTICAL LATTICE TO
POLARIZED PHOTONS: FOUR- AND
THREE-LEVEL ATOMIC SYSTEMS
As shown above, five-level atoms can be employed in
performing the transformation in Eq. (3). We note that
the transfer of cluster states from atomic to photonic
systems can also be realized by using four-level atoms
coupled to cavities. Suppose that n two-mode cavities
are initially prepared in the state (|0〉p)
⊗n
. To transfer
the cluster state |ΨC〉 from an atomic system to photons,
one needs to perform the transformation
|ΨC〉a (|0〉p)
⊗n −→ |g〉⊗na |ΨC〉p. (16)


( )

a
(b)
FIG. 3: (Color online) (a) Schematic diagram of the setup for
translating atoms in optical lattices into an array of cavities
through transverse optical lattice potentials. (b) Setup for
translating an atom in an optical lattice that is subjected to
measurement into a cavity through a transverse optical lattice
potential. There is no order requirement for loading atoms
into the cavity using this setup.
This process can be done by applying n swap gates be-
tween the two coupled systems. Each swap gate acting
on an atom in a two-mode cavity performs the transfor-
mation |g〉a|0〉p → |g〉a|0〉p, |g′〉a|0〉p → |g〉a|1〉p, i.e.,
|g〉|0〉L|1〉R −→ |g〉|0〉L|1〉R,
|g′〉|0〉L|1〉R −→ |g〉|1〉L|0〉R. (17)
In this case, the four energy levels of the atom are
shown in Fig. 4. The swap operations described by
Eq. (17) can be implemented in three steps:
Step (i): Let the system evolve a time τ1 under H1 =
hR (aR|f〉〈g′|+H.c.). The operator U1 = exp (−iH1τ1)
performs the transformation
|g′〉|0〉L|1〉R → cos(hRτ1)|g
′〉|0〉L|1〉R
−i sin(hRτ1)|f〉|0〉L|0〉R. (18)
With hRτ1 = pi/2, the state |g′〉|0〉L|1〉R evolves to
−i|f〉|0〉L|0〉R.
Step (ii): Apply a pulse to the atom for a time interval
τ2 resonant with |f〉 ↔ |r〉 transition. This process leads
to the transformation
− i|f〉|0〉L|0〉R → −i
[
cos(
Ω1
2
τ2)|f〉 − ie
iφ
1 sin(
Ω1
2
τ2)|r〉
]
⊗|0〉L|0〉R. (19)
For Ω1
2
τ2 = pi/2 and φ1 = 3pi/2, the state −i|f〉|0〉L|0〉R
becomes i|r〉|0〉L|0〉R.
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FIG. 4: Energy diagram of an atom with four levels. The
transitions |g〉 ↔ |r〉 and |g′〉 ↔ |f〉 are resonantly coupled to
the left (σ−
L
) and the right (σ+
R
) circularly polarized mode of
the cavity with coupling strengths hL and hR, respectively;
while the transition |r〉 ↔ |f〉 is driven by a classical laser
field with Rabi frequency Ω1.
Step (iii): The system evolves for τ3 under H3 =
hL (aL|r〉〈g| +H.c.). Then U3 = exp (−iH3τ3) trans-
forms
|r〉|0〉L|0〉R → cos(hLτ3)|r〉|0〉L|0〉R
−i sin(hLτ3)|g〉|1〉L|0〉R. (20)
With hLτ3 = pi/2, the state i|r〉|0〉L|0〉R becomes
|g〉|1〉L|0〉R. Note that the state |g〉|0〉L|1〉R remains un-
changed during the entire operation. Hence, the three-
step operations above complete the swap operation in
Eq. (17).
Compared to the use of five-level atoms, employing
four-level atoms can reduce the use of the pulses. How-
ever, one would have to prepare the initial state |0〉p (i.e.,
|0〉L|1〉R) for each cavity using auxiliary atoms, and the
atoms would have to be moved out of the cavities im-
mediately after the swap operation, since the prepared
photon cluster states would otherwise change.
The swap operation in Eq. (17) can also be imple-
mented using three-level atoms (the smallest number of
levels needed for this approach). The three-level case
would have the disadvantages above for using four-level
atoms, and also the extra problem that adjusting the fre-
quencies of the cavity modes would be required. Thus,
five-level atoms would be the optimal choice based on the
encoding of photonic qubits above. We note that there
exist proposals (e.g., [29]) in which logical states of pho-
tonic qubits are encoded as |0〉 (no photons) and |1〉 (one
photons). Compared with this type of encoding, encod-
ing photon qubits with polarization mode states (in our
work) can be used to perform single-qubit rotations by
passive linear optical elements [1], and thus it could be
used for optical QC.
IV. CONCLUDING REMARKS
In this work, we proposed an efficient and determin-
istic approach for generating scalable cluster states for
optical one-way QC in a photonic system, by transfer-
ring the cluster state originally prepared in an atomic
system through unitary transformations. In this pro-
posal, we can also transfer part of the atomic cluster state
to photons, e.g., transfer an atomic single-qubit state of
the atomic cluster state to a photonic qubit at a time,
for performing a single-qubit unitary operation and then
measurement (readout).
The advantage of this approach is that the remaining
part of the atomic cluster state (not transferred) is always
stored in the atoms. This is a hybrid way for robust one-
way QC exploiting the advantages of both atomic and
photonic qubits: using atomic qubits for creating and
storing a large scale cluster state and also photonic qubits
for performing single-qubit rotations and measurements.
The first step is to make a large scale cluster state
on atoms (n qubits), which can be easily generated [19]
with atoms, and stored in atoms for a long time. To do
one-way optical QC, one would need to perform single-
qubit rotations and measurements on, say, the ith pho-
tonic qubit. This would require swapping the ith atomic
single-qubit state into a photonic qubit, and measure the
photonic qubit after rotating its state (see Fig. 3(b)).
This swapping can be done deterministically using the
approach described above.
Finally, the state-transfer procedures introduced above
can also be applied in quantum communications (e.g.,
transferring information between different physical sys-
tems, trying to use advantages of both), storage of quan-
tum information, and quantum error correction.
Acknowledgments
We thank X.B. Wang, L.-A. Wu and S.B. Zheng
for helpful comments. We acknowledge partial support
from the National Security Agency (NSA), Laboratory of
Physical Sciences (LPS), Army Research Office (ARO),
National Science Foundation (NSF) Grant No. 0726909,
JSPS-RFBR Contract No. 09-02-92114, MEXT Kakenhi
on Quantum Cybernetics, and FIRST (Funding Program
for Innovative R&D on S&T).
[1] E. Knill, R. Laflamme and G. J. Milburn, Nature (Lon-
don) 409, 46 (2001).
[2] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P.
Dowling, G. J. Milburn, Rev. Mod. Phys. 79, 135 (2007).
[3] J. L. O’Brien, G. J. Pryde, A. G. White, T. C. Ralph, D.
Branning, Nature (London) 426, 264 (2003).
6[4] P. Walther, K. J. Resch, T. Rudolph, E. Schenck, H.
Weinfurter, V. Vedral, M. Aspelmeyer, A. Zeilinger, Na-
ture (London) 434, 169 (2005).
[5] R. Prevedel, P. Walther, F. Tiefenbacher, P. Bo¨hi, R.
Kaltenbaek, T. Jennewein, A. Zeilinger, Nature (London)
445, 65 (2007).
[6] M. A. Nielsen, Phys. Rev. Lett. 93, 040503 (2004).
[7] D. E. Browne, T. Rudolph, Phys. Rev. Lett. 95,
010501 (2005).
[8] H. J. Briegel, R. Raussendorf, Phys. Rev. Lett. 86,
910 (2001).
[9] R. Raussendorf, H. J. Briegel, Phys. Rev. Lett. 86,
5188 (2001).
[10] H. J. Briegel, D. E. Browne, W. Du¨r, R. Raussendorf and
M. Van den Nest, Nature Phys. 5, 19 (2009).
[11] T. Tanamoto, Y. X. Liu, S. Fujita, X. Hu, and F. Nori,
Phys. Rev. Lett. 97, 230501 (2006).
[12] J. Q. You, X.-B. Wang, T. Tanamoto and F. Nori, Phys.
Rev. A 75, 052319 (2007).
[13] X.-B. Wang, J. Q. You, and F. Nori, Phys. Rev. A 77,
062339 (2008).
[14] T. Tanamoto, Y. X. Liu, X. Hu, and F. Nori, Phys. Rev.
Lett. 102, 100501 (2009).
[15] M. S. Tame, R. Prevedel, M. Paternostro, P. Bo¨hi,
M. S. Kim, and A. Zeilinger, Phys. Rev. Lett. 98,
140501 (2007).
[16] G. Vallone, E. Pomarico, P. Mataloni, F. De Martini, and
V. Berardi, Phys. Rev. Lett. 98, 180502 (2007).
[17] H. S. Park, J. Cho, J. Y. Lee, D.-H. Lee, and S.-K. Choi,
Optics Express, 15, 17960 (2007).
[18] K. Chen, C.-M. Li, Q. Zhang, Y.-A Chen, A. Goebel,
S. Chen, A. Mair, and J.-W. Pan, Phys. Rev. Lett. 99,
120503 (2007).
[19] O. Mandel, M. Greiner, A. Widera, T. Rom, T. W.
Ha¨nsch, I. Bloch, Nature (London) 425, 937 (2003).
[20] I. Bloch, Nature (London) 453, 1016 (2008).
[21] J. Q. You and F. Nori, Physics Today 58 (11), 42 (2005).
[22] F. Nori, Nature Phys. 4, 589 (2008).
[23] I. Buluta and F. Nori, Science 326, 108 (2009).
[24] I. Buluta, S. Ashhab and F. Nori, arXiv:1002.1871.
[25] W. Du¨r, H. Aschauer, and H.-J. Briegel, Phys. Rev. Lett.
91, 107903 (2003).
[26] L.-M. Duan, B. Wang, and H. J. Kimble, Phys. Rev. A
72, 032333 (2005).
[27] A. Beige, D. Braun, B. Tregenna, and P. L. Knight, Phys.
Rev. Lett. 85, 1762 (2000).
[28] J. A. Sauer, K. M. Fortier, M. S. Chang, C. D. Hamley,
and M. S. Chapman, Phys. Rev. A. 69, 051804(R) (2004).
[29] Y. L. Lim, S. D. Barrett, A. Beige, P. Kok, and L. C.
Kwek, Phys. Rev. A. 73, 012304 (2006).
